It is now well documented that carbohydrates play multiple roles in biological processes, and hence are interesting targets for chemical biology and medicinal chemistry programmes. This review focuses on a subset of carbohydrates, specifically sialic acid containing carbohydrates. It highlights their occurrence and diversity, and presents evidence for their roles in a range of biological pathways. It illustrates that they are targets for novel medicinal chemistry strategies for a range of therapeutic areas, including cancer and immunity. Case studies highlight opportunities and challenges in this area, and sialic acid based drugs that have entered clinical practice, and are promising candidates for future disease intervention schemes, are discussed. The review concludes by highlighting perspectives and emerging roles for these targets.
Introduction to sialic acids
Sialic acids are based on 5-amino-3,5-dideoxy-D-glycero-D-galacto-nonulosonic acid (1) (Figure 1 ) and have the following principal structure. They are widely distributed in Nature, mainly in vertebrates, but also in higher invertebrates and some types of bacteria. [7, 8] They are found in all cell types at the terminal position of cell surface
glycoconjugates and as such function as primary recognition sites for carbohydrate binding proteins allowing them to play crucial roles in cell communication processes. [8] At physiological pH, they are deprotonated. [9] Due to their terminal position and abundance in glycoconjugates, sialic acids have been extensively studied in order to elucidate their biological roles as cell surface components as well as recognition elements in cell communication processes. [10] Synthetic efforts span from the preparation of small molecules, i.e. manipulation of sialic acid itself, to the synthesis of complex natural and unnatural sialosides obtained by both chemical and enzymatic methods. From a chemical perspective, sialic acids differ from other carbohydrates in a number of ways and hence present a number of synthetic challenges: (1) Sialic acids are acidic sugars, which consist of a 9-carbon backbone; they carry a carboxylic acid functionality at position 1, which requires protection by esterification in the majority of synthetic schemes, (2) Sialic acids do not possess an anomeric proton, thus traditional 1 H and 13 C NMR spectroscopic methods for the assignment of the stereochemistry of newly formed glycosidic centres (based on coupling constants) cannot be utilised, (3) Sialic acids belong to the class of keto sugars and are often prone to elimination reactions. Unlike aldoses, such as e.g. glucose, they appear as ketoses in their ring-opened form, (4) An additional feature of sialic acids is the glycerol side chain (positions C 7, C 8 and C 9) providing vicinal diol moieties, which are relatively flexible and unhindered [11] , and (5) In Neu5Ac (2) , the N-acetamido functionality has electron-withdrawing
properties. In line with the majority of chemical synthesis strategies for carbohydrates, the hydroxyl groups in sialic acids require protection, in order to achieve regiospecific glycosidation reactions, and selective protection of specific hydroxyl groups in sialic acid often requires advanced protecting group strategies. Moreover, protection of hydroxyls as acetate esters bears the risk of protecting group migration, often resulting in a mixture of compounds.
Diversity, occurrence and functions of sialic acids Diversity
The family of sialic acids is characterised by a high structural and functional diversity. In Nature, more than 50 structurally different sialic acid derivatives exist. [12] The diversity arises from the type of glycosidic linkage through which sialic acid moieties are attached to other glycan units, and from sialic acid specific natural modifications. The two most abundant members of the sialic acid family are Neu5Ac (N-acetylneuraminic acid (2) ) and Neu5Gc (N-glycolylneuraminic acid (3)), followed by KDN (2-keto-3-deoxy-nononic acid (4)) and Neu (neuraminic acid (1)). [7] Figure 2. Structures of the most abundant members of the sialic acid family.
These sialic acids exist in α2,3-and in α2,6-linkage to galactose-containing glycans or in α2, 6-linkage to N-acetylgalactosamine residues (Figure 3) . They can also be linked via an α2,8-linkage to other sialic acid moieties (polysialic acid).
[7] lactonisation or de-N-acetylation are unknown. [8] It is noteworthy that Neu5Gc (3) does not occur physiologically in humans, but is found in animal tissue. The reason for this is the lack of the enzyme CMP-Neu5Ac hydroxylase, which is responsible for the synthesis of CMP-Neu5Gc from CMP-Neu5Ac, in humans. [8, 9] Occurrence of sialic acids
The occurrence of sialic acids in mammalian systems has been extensively studied and is extremely broad and tissue/species specific. For example, they are found as components of milk oligosaccharides and also occur as part of glycoproteins in blood, sera or plasma of mammals. Human sera are mainly composed of Neu5Ac (2) and Neu5Ac9Lt (Lt = lactoyl) (5) as well as small amounts of O-acetylated sialic acid derivatives, such as Neu5,9Ac2 (6) . The ratios and composition of sialic acid derivatives in serum glycoproteins differ substantially amongst mammalian species with respect to the level and position of O-acetylation as well as the presence of Neu5Gc (3). [9] Sialic acids also occur on epithelial and mucous glycoproteins. For example, early studies of the composition of human colonic mucous glycoproteins revealed the presence of Neu5Ac as well as acetylated derivatives thereof (Neu5,9Ac2 (6) and Neu5,7,9Ac3 (7)) (Figure 4) . [9] Not only glycoproteins, but also glycolipids, in particular gangliosides, are terminated by sialic acids. [8, 9] Figure 4. Naturally occurring sialic acid derivatives.
Functions of sialic acids
The wide distribution and abundance of sialic acids as components of glycoconjugates supports their broad biological significance. Sialic acids influence the structure and function of glycoconjugates and, as ligands for lectins, antibodies and enzymes, they mediate essential cell interaction processes in both healthy and diseased states and as such play an important role in cell communication and information transfer. [1, 8, 10] The structural and physical functions of sialic acids comprise e.g. stabilisation of erythrocytes and prevention of aggregation of blood components by their negative charge and hydrophilicity. As constituents of glycoproteins (e.g. hormones and enzymes), sialic acids also affect their stability and functionality. A repertoire of biological effects can be derived from sialic acid containing glycans functioning as ligands for glycan binding proteins, such as animal lectins (e.g. selectins and siglecs), viral lectins (hemagglutinins) and bacterial lectins (adhesins and toxins). Most extensively documented are the interactions of sialic acids with siglecs and selectins. The interactions of sialosides with lectins from the siglec family are crucial in the regulation of the immune response, immune cell functions, cell growth and survival. [10, 13] They also play a pivotal role in the central and peripheral nervous system by controlling and stabilising components of neuronal cells. [9] Cell adhesion processes are mediated by the interactions of sialylated glycoconjugates (Lewis antigens) with selectins, which effect the homing of lymphocytes, the recruitment and direction of leukocytes to sites of inflammation. This type of interaction is also involved in angiogenesis, metastasis, thrombosis and cancer. [1] In addition, sialic acids represent target structures for viral lectins, such as the hemagglutinin of influenza viruses. The interaction of this viral protein with sialosides on the host cell promotes the establishment of the infection by binding to and entering the host cell. [14] The adhesion of bacterial lectins, e.g. Helicobacter pylori and Mycobacterium tuberculosis adhesins or Cholera and Tetanus toxins, to host cells via interaction with their sialic acid containing ligands are involved in the infection process with these pathogens. [15] Sialic acids have also been found to be exploited by microbial pathogens to mask their antigenic sites. For example, the parasite Trypanosoma cruzi is able to transfer host cell sialic acid molecules onto its own glycan units in order to prevent recognition and elimination by host immune cells. [15] Sialic acids are also involved in reproductive and developmental processes and sialylation of hormones, such as the follicle stimulating hormone (FSH) and human chorionic gonadotropin (hCG), contributes to their stability and functionality. [15] The following sections provide a more in-depth discussion of the roles of sialic acid containing carbohydrates in specific biological pathways, to highlight the opportunities and challenges for the development of new therapeutic agents based on carbohydrates.
Sialylation in cancer and immunity
Sialic acids are found at the terminal position of glycans of all cell types. However, in diseased states, such as cancer or immunological disorders, the sialylation profile of cells in affected tissues is altered.
This alteration in cell surface sialylation can be caused by under-, over-or neoexpression of certain glycan structures. [3] Changes arise from modification of glycan core structures, e.g. by sialylation of additional oligosaccharide branches of N-glycans (β1,6-GlcNAc branching) or from manipulation of terminal glycan sequences, such as premature sialylation of truncated saccharide units. Ultimately, these aberrant cell glycosylation profiles are a result of changes in the expression level of enzymes. [3] For example, the downregulation of sialyltransferases, which are involved in glycosylation processes of immune cells, e.g. ST3Gal-I and ST6Gal-I, lead to a lack of cytotoxic T-cells and attenuation of B-cell signaling, results in a severe impairment of immune mechanisms. [16] In rheumatoid arthritis, an incomplete glycosylation of IgG with galactose and sialic acid moieties has been found to contribute to the development of this condition. [1] In contrast, in cancer, the expression of sialyltransferases is often upregulated. For example, ST3Gal-I is upregulated in human breast cancer [16] and ST6Gal-I is upregulated in human breast and colon cancer, which results in altered cell sialylation patterns. This affects the interactions of the tumour cell with other cells with respect to cell adhesion, migration and their tendency to metastasise. [4] In a recent study on the role of natural killer cells in cancer immunity, it was revealed that cell surface sialylation correlates with natural killer (NK) cell cytotoxicity. Hypersialylation is exploited by the tumour cell to evade recognition by NK cells, thus protecting the tumour from an attack by the immune system. To probe this, a number of synthetic sialic acid containing glycopolymers including Neu5Ac (2), α2,3-Neu5Ac-LacNAc (8), α2,6-Neu5Ac-LacNAc (9) as well as sLe x (10) and GD3 (11) ( Figure 5 ) residues were internalized into cancer cell membranes by glycocalyx engingeering and their potential to inhibit NK cell killing was assessed. It was confirmed that the glycopolymers bearing Neu5Ac (2) alone were the most effective determinants in decreasing NK cell activity. It was established that the lectin, Siglec-7, which is ubiquitously expressed on human natural killer cell, functions as the mediating receptor in this context. [11] Figure 5. Sialiosides that were incorporated into synthetic glycopolymers to study the role of natural killer cells in cancer immunity.
In addition, it was found that hypersialylation not only protects the cancer cell from NK cell killing, but may also form therapeutically induced antibody-dependent cell cytotoxicity (ADCC), thus interfering into reactions of both the innate and adaptive immune response, providing an advantage for tumour cell. These findings pave the way for the development of novel therapeutic agents that target the Siglec-7 mediated mechanism of NK cell immunoevasion. They may also be of use to further examine the dependence of the cell sialylation pattern on the efficacy of ADCC therapy. [11] Another study that investigated the potential of Siglec-7 as a target for the therapeutic intervention of cancer was presented by Rillahan et al., who identified a selective high-affinity ligand for Siglec-7 using a microarray approach. On-chip derivatisation of sialic acid containing glycans allowed generation of a sialoside library of more than 1000 sialic acid analogues that were subsequently probed with Siglecs-7, -9 and -E. The structural diversity of ligands to be tested, resulted from the reaction of 10-15 alkyne-functionalised sialosides with a range of azide substituents through Cu(I)-catalysed azide-alkyne cycloaddition (CuAAC). Screening of the arrays with Siglecs showed promising results and revealed a 5-azido-fluorescein substituted sialoside analogue (12) as a high-affinity ligand for Siglec-7 ( Figure 6 ). In order to probe the interactions of the newly identified sialoside ligand with its receptor on cells, the sialoside analogue was incorporated into a liposomal nanoparticle formulation, which was then subjected to binding studies with Siglec-7 expressing cells. Indeed, the modified sialoside derivative bound selectively and with high affinity to Siglec-7. Its affinity even exceeded that of a sialoside derivative with an azido-adamantane substituent (13) (Figure 6 ), which had previously been reported for its high affinity to Siglec-7. Further evidence of the binding event was provided by investigating the crystal structure of the lectin in complex with the sialoside analogue.
[17] Figure 6 . High-affinity ligands for Siglec-7.
The identification and characterisation of this sialic acid ligand-protein interaction is the foundation for the design and development of innovative therapeutics, which contain sialoside components that specifically target siglecs. These findings add new perspectives to anticancer therapies and are valuable for the elucidation of Siglec utility and function. [17] In addition, nanoparticle formulations proved to be viable approaches for the delivery of potential therapeutic agents to the target cell.
Further advances in this area have been reviewed by Macauley et al.. [18] Tumour-Associated Carbohydrate Antigens (TACA)
The upregulation of enzymes, e.g. sialyltransferases and fucosyltransferases, and the presence of their glycosylation products, i.e. tumour-associated carbohydrate antigens (TACA), is associated with malignant forms of tumours, metastasis formation and a poor prognosis. [4, 19] Typical TACA are sialyl Lewis antigens (sLe x (10), sLe a (14)) (Figure 7) , the sialyl Thomsen nouvelle antigen (sTn) (15) and subsets of gangliosides. Whereas sLe x (10) and sLe a (14) antigens are only found at very low levels in healthy tissue, their expression is significantly increased in carcinoma cells. This is due to the upregulation of the enzymes ST3Gal-III and FucT-III, which are responsible for the synthesis of sLe a (12) and ST3Gal-IV, ST3Gal-VI and FucTVII, which catalyse the synthesis of sLe x (10). [19] Figure 7. Structures of sialyl Lewis antigens sLe x (10) and sLe a (14) .
In a study to investigate the metastatic potential of sLe antigen-expressing tumour cells, it was
shown that a downregulation of sialyltransferases and fucosyltransferases resulted in a reduced cell surface sialylation and in a reduction of the levels of TACA. As a consequence, the cell's adhesion and migration potency decreased and its metastatic activity was minimised. [20] Another aberrant carbohydrate epitope that is rarely found in healthy tissues is the sTn antigen (15).
The sTn antigen (15) occurs on epithelial cancer cells and is present on 25-30 % of all breast tumours.
It is generated by premature sialylation of its precursor Tn antigen (16) with ST6GalNAc I. [20] The overproduction of gangliosides in cancer represents an additional example of an altered expression profile of glycoconjugates under physiological conditions. The central nervous system (CNS)-specific disialylated glycolipid GD3 (11) was also detected in tumour tissues, with 9-O-acetylated sialic acid derivative-terminated glycoforms being overexpressed in a particular type of breast cancer ( Figure   8 ). [19] [20] [21] The examples given above demonstrate some of the roles of sialic acids and sialylation in cancer and immunity and highlight key roles of sialic acids in pathological states. Although the entirety of processes, in which sialic acids are involved are not completely understood and discovered, the existing literature indicates their importance in a variety of physiological and pathological conditions and their potential to be used as promising targets for disease intervention. 
Sialic acids in drug discovery: Opportunities and challenges

Design and development of chemical inhibitors
The elucidation of the structure of mammalian sialyltransferases complexed with their ligands by Xray crystallographic analysis allows a better understanding of substrate specificities and facilitates the design of inhibitors. [16] Inhibition of sialyltransferases could effectively modulate cell surface sialylation and the generation of cancer-specific sialylated epitopes. [19] The expression of glycosyltransferases, which is regulated by intracellular signalling pathways and transcription factors, is directly linked to the synthesis of functional glycans. [2] For example, the absence of ST3Gal-IV and ST3Gal-VI leads to a deficiency in sialic acid containing ligands for selectin interactions, thus influencing selectin-mediated processes, such as leukocyte homing and leukocyte recruitment to sites of inflammation. [22] Sialoside-selectin interactions cannot only be prevented by the inhibition of ligand synthesis, but also by blocking lectin binding by selectin-antagonists. A number of selectin antagonists (Figure 9 ), e.g.
bimosiamose (TBC-1269) (17) and GSC-150 (18) were developed for the treatment of inflammatory disorders, autoimmune diseases and metastatic cancers in order to reduce leukocyte trafficking to inflamed tissues and to impede the dissemination of tumour cells. [1, 21] Ernst and co-workers designed a sLe x -derived inhibitor of E-selectin, CGP69669A (19) , which revealed a 12-fold higher affinity compared to the natural ligand sLe x by replacing the Neu5Ac moiety of sLe x with (S)-cyclohexyl lactate. Kunz and co-workers extended this approach by synthesising modified sLe x -containing glycopeptide analogues for the inhibition of E-selectin. [23] A novel P-selectin antagonist, GMI-1070 (20) , developed by Ernst and associates [21] , is currently being investigated in Phase II clinical trials for the treatment of an acute complication, sickle cell crisis, associated with sickle cell disease (SCD). [24, 25] Bimosiamose (TBC-1269) (17), a P-selectin antagonist, successfully completed Phase II clinical trials for the indications psoriasis and chronic obstructive pulmonary disease (COPD). [25, 26] Detailed biological data for the compounds shown below were not accessible from the literature. Other sialic acid-based, small molecular weight antagonists, which target the interactions of sialosides with the lectin MAG, were developed by Mesch et al. as a therapeutic strategy to promote axon regeneration after neuronal injury. [27] Zanamivir (21) (Relenza) and oseltamivir (22) (Tamiflu) (Figure 10 ) represent two examples of sialic acid based inhibitors of the viral enzyme neuraminidase, which is involved in the establishment of influenza infections. [21] As oxocarbenium intermediate analogues, the two drugs mimic the transition state of bound sialic acid residues in the neuraminidase's active site, hence inhibiting sialic acid cleavage from the host's cell surface as well as the release of newly replicated viruses.
[28] Figure 10 . Structures of the neuraminidase inhibitors zanamivir (21) and oseltamivir (22) .
Overcoming pharmacokinetic limitations
In order to improve their pharmacokinetic characteristics, potential lead candidates need to systematically undergo structural modification processes, such as e.g. the replacement of certain groups by bioisosteric functionalities, the introduction of hydrophobic moieties and/or the incorporation of a prodrug strategy. [21] The resulting, structurally modified compounds mimic the biological activity of their carbohydrate precursors and are also termed 'glycomimetics'. [21] The prime examples of such glycomimetic drugs are the above mentioned neuraminidase inhibitors zanamivir (21) and oseltamivir (22) .
An additional aspect that needs to be considered in the design of drugs that target glycan-lectin interactions is the low affinity and multivalent nature of the binding events between lectins and their ligands. This hurdle can be overcome by the synthetic introduction of functionalities that increase the affinity though favourable interactions within the binding site or by the multivalent presentation of ligands to achieve sufficient avidity. [21, 29] The abundance of glycan structures within an organism and their significance in the regulation of vital functions highlights the crucial problem of selectivity. The inhibition of an enzyme that is involved in the synthesis of tumour-associated glycans would also affect the functionality of enzymes at remote sites, which catalyse physiologically relevant glycan synthesis. Further, the interference in lectin-ligand interactions, e.g. the interactions between sialic acids and selectins, can be advantageous for the attenuation of inflammatory disorders or the decrease of the metastatic potential of tumours, but blocking of selectin interactions may also impair essential physiological processes and thus lead to severe side-effects. Thus, targeting drug delivery approaches are required to overcome the problem of selectivity.
Targeted drug delivery approaches
The issue of selectivity has been addressed by Paulson and co-workers, who developed a liposomal nanoparticle strategy to target B cell lymphoma. [30] For this approach, the chemotherapeutic doxorubicin was incorporated into liposomes, similar to the liposomal nanoparticle formulation Doxil. Selectivity for B cells was achieved by decorating the liposomes with the high-affinity ligand, 9-N-biphenylcarboxyl (BPC)-Neu5Ac-α2,6-Gal-β1,4-GlcNAc (23), which is specifically recognised by the lectin CD22 (Siglec-2), which is exclusively expressed on B cells. From a synthetic point of view, the trisaccharide derivative BPC-Neu5Ac-α2,6-Gal-β1,4-GlcNAc (23) was conjugated to a commercially available pegylated lipid, which was then subjected to vesicle formation under doxorubicin encapsulation (Figure 11 ). The resulting glycan-displaying nanoparticles selectively target CD22-expressing cells, including B cell lymphoma. By an in vitro viability assay, it was demonstrated that the targeted delivery of the cytotoxic cargo with the nanoparticle strategy was effective in depleting B lymphoma cells, as the cell viability was reduced to less than 15 %, compared to non-targeted, liposomal doxorubicin treatment (cell viability 80 %). [31] An additional advantage of the above liposomal formulation is that the glycan ligands are displayed in a multivalent fashion, which is beneficial for their interactions with siglecs. A disadvantage of this particular glycan epitope is that the high affinity and selectivity of BPC-Neu5Ac-α2,6-Gal-β1,4-GlcNAc (23) is somewhat derogated by a cross-reactivity of the glycan-ligand with the structurally related lectin sialoadhesin (Siglec-1), which is expressed on macrophages. [30, 31] As phagocytic cells, macrophages eliminate the liposomes after recognition, which reduces the efficiency of drug delivery to malignant cells. However, this problem can be overcome by the design and use of alternative high-affinity ligands, such as other modified sialic acid derivatives with an improved selectivity. [30, 32] Subsequent to this, recent significant advances were reported in the development of alternative selective ligands that target the lectins CD22 and CD33. In order to optimise the affinity and selectivity of the previously identified siglec ligands, further alterations to the sialoside scaffold were made. The introduction of a 4-cyclohexyl-1,2,3-triazole residues at position 5 of sialic acid in combination with meta-substituted moieties at position 9 yielded an improved affinity and selectivity profile. Particularly, 3,5-dimethyl benzamide substituents with an additional hydroxyl group in the ortho-position provided the highest avidity for CD33. This was confirmed by solution phase inhibition assays. The sialoside with alterations at both the positions 5 and 9 of the sialic acid moiety (24) exhibited an IC50 of 11 µM, compared to the monosubstituted analogue (at position 5) (25), which gave an IC50 of 997 µM (relative to the natural sialoside, α2,6-Neu5Ac-Gal-GlcNAc) (Figure 12 ). [33] Figure 12. Development of high-affinity ligands for CD33.
The installation of meta-substituents to the benzamide moiety at position 9 of sialic acid was also exploited for the investigation of more selective sialic acid ligands for Siglec-2 (CD22). In previous studies, it was shown that fluorination of the N-acetamido group at position 5 offers an increased affinity to CD22. Therefore, this feature at position 5 was combined with the meta-substituted benzamide at position 9 and used in the design of CD22 ligands. Indeed, this disubstituted sialoside yielded a very potent and more selective ligand for CD22 (IC50 of 0,2 µM) (26) (Figure 13 ).
[33] Figure 13 . Development of a high-affinity ligand for CD22.
To assess the therapeutic potential of the newly identified siglec ligands on a cellular level, the sialoside analogues were incorporated into liposomes, as described above, followed by their incubation with CD33-expressing AML cell lines and a CD22-expressing non-Hodgkin's lymphoma Bcell line. These cell studies confirmed the sialosides' high affinity and selectivity for CD33 and CD22
respectively, as the glycan-displaying nanoparticles bound exclusively to their respective target siglec in a ligand-dependent manner. [33] The next challenge is to apply these compounds to in vivo cancer models and investigate whether the nanoparticle strategy proves efficient in delivering cytotoxic compounds to CD33-expressing cells in the same way as it was demonstrated for the CD22-targeted drug delivery approach as exemplified above. [33] Immunotherapeutic approaches
Therapeutic antibodies
Therapeutic antibodies represent an alternative cell-directed approach for the treatment of malignancies, such as e.g. leukaemia and lymphoma. [34, 35] In this strategy, the cell-specific expression of siglecs on haematopoietic cells, e.g. CD33 on leukaemia cells and CD22 on B-lymphoma cells, is exploited. Monoclonal antibodies (mab), e.g. anti-siglec-antibodies are conjugated to toxins or chemotherapeutic agents, which deliver the cytotoxic moiety upon contact with the antigen.
Examples of therapeutic antibodies are gemtuzumab (Mylotarg), an anti-CD33-antibody for the treatment of acute myeloid leukaemia (AML), which was approved by the FDA in 2000 and withdrawn from the market in 2010 due to safety concerns [36] and epratuzumab, an anti-CD22-antibody for the treatment of non-Hodgkin lymphoma (NHL) and the autoimmune disorder systemic lupus erythematosus (SLE), which is currently under investigation in clinical trials. [35] Carbohydrate-based vaccines
Another area of immunology, in which sialic acids are involved in drug discovery, is the development of carbohydrate-based vaccines against cancer. [5] In the past two decades, there has been considerable interest in the development of immunotherapeutic strategies, which allow the eradication of tumour cells after treatment with conventional methods, such as surgery, radiation and chemotherapy, in order to increase the overall survival by preventing tumour recurrence and metastasis. [37] The rationale for the development of carbohydrate-based vaccines is based on alterations in cell Further, the carrier proteins must provide attachment sites for carbohydrate antigen conjugation. In addition, the heterogeneous and complex presentation of glycan-antigens on the cell surface needs to be taken into account. Vaccine constructs that closely mimic the actual tumour cell surface glycan are required to activate T cells and elicit a strong antibody production, specific to the carbohydrate epitopes of tumour cells. [38, 39] Chemical synthesis methods have immensely contributed to the construction of carbohydrate vaccines. They were applied to the synthesis of carbohydrate-antigen components, peptide backbones, linkers and the conjugation of each component to accomplish the vaccine construct. [40] A representative of a multicomponent vaccine candidate, targeting prostate and ovarian cancer, was designed by Danishefsky and associates. This unimolecular, pentavalent vaccine construct (Figure 14) is composed of five different TACA, namely Globo H, sTn, Tn, TF and Le y antigens attached to a MUC1 glycopeptide backbone conjugated to KLH.
[37] Figure 14 . Structure of a unimolecular, pentavalent vaccine construct.
The display of five structurally different TACA on a peptide intends to mimic the tumour cell's natural carbohydrate epitope composition, which could potentially result in a more effective and varied immune response specific to the antigen pattern of a particular cancer type. [38] Indeed, preclinical studies indicated that antibodies were raised to all of the TACA except Le y . With the replacement of the Le y -TACA with the GM2 antigen, the immunogenicity was effectively enhanced, yielding a promising vaccine candidate that entered phase I clinical trials. [41] An impressive example that underlines the achievements of modern drug discovery is illustrated by the development of the Globo H cancer vaccine. The initial idea of the design of anticancer vaccines arose more than 20 years ago. [42] Since then, continuous efforts have been made in developing a synthetic route that gives access to the Globo H hexasaccharide conjugated to the KLH carrier protein. A number of different approaches, including first-and second generation syntheses as well as more cost effective programmable one-pot syntheses were established. Further, the introduction of a large-scale enzymatic synthesis method was an important milestone in the development of the Globo H vaccine. [42] Phase I clinical studies with the anticancer vaccine produced encouraging results so that the candidate was advanced to further clinical development. One of the advantages of using Globo H as the carbohydrate epitope for the design of vaccines is that the expression of Globo H glycans is unique to cancer cells and not found on healthy cells. In addition, a number of epithelial cancers, including breast cancers, were shown to be Globo H-positive. Not only Globo H, but also other glycans of the Globo series, such as the sialic acid containing SSEA3 (Gb5) and SSEA4 were detected on breast cancer cells and other types of cancer. [42] The occurrence of these epitopes on cancer cells suggest the potentially broad applicability, which vaccines with antigens of the Globo H series might have in the anticancer field.
The role of glycosphingolipids of the Globo series in cancer, their biosynthesis as well as the interactions with their receptors remain to be identified in the future, revealing perhaps other potential targets, such as the enzymes involved in their biosynthesis or binding proteins, for novel therapeutic strategies. The route of development of this promising new vaccine candidate exemplifies the strength of the interdisciplinary approach, combining synthetic chemistry, cancer biology and immunology, to contribute significant advances to the treatment of cancer.
Stabilisation of biopharmaceutics
Apart from their roles as targets in drug discovery, sialic acids also serve as stabilising components for biopharmaceutical preparations. In the same way as pegylation is used to reduce the proteolytic cleavage of biopharmaceutical proteins, such as tumour necrosis factor α (TNFα), interferons (IFN), or asparaginase, sialylation is exploited to improve the pharmacokinetic properties of biotherapeutics by increasing their serum half-lives. Examples where hypersialylation has been employed to confer an enhanced stability to the biopharmaceutical preparation are the hormones luteinising hormone (LH) and erythropoietin (EPO). [43] Conclusions and future perspectives 
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Selectins belong to the class of C-type lectins. A characteristic of this class of lectins is that they have an absolute requirement for Ca 2+ -ions in order to bind glycans.
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Natural killer cells (NK cells) are effectors of the innate immune system. They respond to infected or stressed cells without the presence of antibodies or major histocompatibility complexes (MHC), which making a fast immune reaction possible.
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CD33 (Siglec-3) related siglecs are expressed on cells of the haematopoietic system of both lymphoid and myeloid lineages. As inhibitory receptors they contribute to the regulation of the immune response. They recognise α2,3-and α2,6-sialylated structures.
Globo series (page 19)
The Globo series of glycans (globosides) comprises a class of glycosphingolipids that feature Galα1-4Gal linkages. They are found on human erythrocytes and play important roles in recognition and cell differentiation.
